In the container habitats of immature mosquitoes, catabolism of plant matter and other organic detritus by microbial organisms produces metabolites that mediate the oviposition behavior of Aedes aegypti and Aedes albopictus. Public health agencies commonly use oviposition traps containing plant infusions for monitoring populations of these mosquito species, which are global vectors of dengue viruses. In laboratory experiments, gravid females exhibited significantly diminished responses to experimental infusions made with sterilized white oak leaves, showing that attractive odorants were produced through microbial metabolic activity. We evaluated effects of infusion concentration and fermentation time on attraction of gravid females to infusions made from senescent bamboo or white oak leaves. We used plate counts of heterotrophic bacteria, total counts of 4′,6-diamidino-2-phenylindole-stained bacterial cells, and 16S ribosomal DNA (rDNA) polymerase chain reactiondenaturing gradient gel electrophoresis (DGGE) to show that changes in the relative abundance of bacteria and the species composition of bacterial communities influenced attraction of gravid A. aegypti and A. albopictus mosquitoes to infusions. DGGE profiles showed that bacterial species composition in infusions changed over time. Principal components analysis indicated that oviposition responses to plant infusions were in general most affected by bacterial diversity and abundance. Analysis of bacterial 16S rDNA sequences derived from DGGE bands revealed that Proteobacteria (Alpha-, Beta-, Delta-, and Gamma-) were the predominant bacteria detected in both types of plant infusions. Gravid A. aegypti were significantly attracted to a mix of 14 bacterial species cultured from bamboo leaf infusion. The oviposition response of gravid mosquitoes to plant infusions is strongly influenced by abundance and diversity of bacterial species, which in turn is affected by plant species, leaf biomass, and fermentation time.
Introduction
Immature stages of container-inhabiting mosquitoes, such as Aedes aegypti and Aedes albopictus, live in aquatic habitats characterized by diverse microbial communities [32] . These microbes play key roles in nutrient cycling and breakdown of large molecules, such as cellulose, chitin, and lignin, into smaller compounds that can be more easily assimilated [19, 47] . The microbes themselves and catabolism of leaf detritus produce volatile and nonvolatile metabolites that mediate the oviposition behavior of gravid mosquitoes [31] . Bacterial biomass [29, 37] and species composition [38, 53] have been suggested to be important environmental determinants of the occurrence and abundance of mosquitoes.
Each Aedes female normally lays eggs in multiple waterfilled containers [7] , but addition of organic material can significantly increase the number of eggs laid in target containers [36, 51] because more gravid females are attracted and induced to lay eggs [5, 51] . Infusions made from a variety of grass species [6, 34, 42] and from white oak leaves (Quercus alba) [51] have been used in ovitraps (oviposition traps) for monitoring the egg-laying activity of Aedes mosquitoes in the field. Similarly, gravid females of Culex spp. [1, 16, 17, 23, 39] are attracted to hay and grass infusions. However, the attractiveness of infusions to gravid mosquitoes changes over the fermentation period [16, 42] . These changes are thought to be caused by variations in bacterial metabolic activity [16, 22] .
Notably, few investigations have cultured bacteria from natural or experimental mosquito habitats [5, 12, 31, 52] . In recent years, new molecular biology technologies have overcome the culturing process and they not only can detect cultured microorganisms but also the uncultured ones. Specifically, denaturing gradient gel electrophoresis (DGGE) has emerged as a useful tool for separating polymerase chain reaction (PCR)-amplified DNA fragments of 16S ribosomal DNA (rDNA) of the same length but different base pair sequences [27] . PCR-DGGE has been widely used to analyze microbial species diversity of samples from soil, water, rhizosphere, and leaf surfaces [9, 10, 14] . Recently, we used PCR-DGGE to analyze the species composition of bacterial communities in container habitats of mosquitoes in the field [32] . Proteobacteria and Bacteroidetes were the predominant heterotrophic bacteria identified. Bacterial communities in the containers consisted largely of undescribed species, and a phylogenetic analysis based on 16S rDNA sequences indicated that bacterial species composition was independent of container type and the spatial distribution of containers.
Our aim in the present study was to describe changes in the abundance of bacteria and diversity of species in bacterial communities in bamboo (BL) and white oak leaf (WOL) infusions during the fermentation process. Using a combination of culture-dependent and culture-independent methods and behavioral assays, we then related the changes in bacterial community structure to the oviposition response of gravid mosquitoes. We hypothesized that changes in microbial community structure would correlate with oviposition responses of mosquitoes to plant infusions. In addition to providing new insights into the molecular ecology of bacterial communities in plant infusions, results of our investigation have practical value in demonstrating the dynamic effects of leaf concentration and fermentation time on the attraction of gravid females to plant infusions that are used in mosquito surveillance programs.
Materials and Methods

Preparation of Plant Infusions
Since the main objective of our research was to characterize bacterial diversity in plant infusions that elicited oviposition responses from gravid mosquitoes, we initially screened in behavioral assays infusions made from plant species that were locally abundant or that had been used previously to make bioactive plant infusions [36, 42, 51] . These plant species included bamboo (Arundinaria gigantea), white oak (Q. alba), live oak (Quercus virginiana), pecan (Carya illinoensis), hackberry (Celtis occidentalis), red maple (Acer rubrum), redtop panic grass (Panicum rigidulum), and harvested Bermuda grass (Cynodon dactylon). Senescent leaves, gathered from the landscape of separate residential areas in the city of New Orleans, LA, USA or Raleigh, NC, USA, were used to produce 1× concentration infusions, each made by fermenting 33.6 g of senescent leaves in 4 L of well water in a Teflon® bag (TFM Modified PTFE homopolymer inert bag, No. P-00021-2, 63.5-µm thickness, Big Science, Inc.; Huntersville, NC, USA) after Reiter et al. [36] , with modifications described by Ponnusamy et al. [31] . Gravid mosquitoes exhibited the highest oviposition responses to two plant species, bamboo and white oak. Consequently, further research was carried out only with these plant species. To optimize production of oviposition semiochemicals, we varied leaf mass and/or fermentation time in preparing infusions. WOL infusions (0.5×, 1×, 2×, and 4×) and bamboo leaf (BL) infusion (1×) were sampled and tested at 7-day intervals for 28 days. When sampled, the infusion was vigorously homogenized for approximately 15 s by shaking the Teflon bag, and a sample was collected with a sterile glass beaker for bacterial community analyses and testing in behavioral assays as described below.
Enumeration of Cultivable Bacteria by Plate Culture
Just prior to bioassay, samples of both plant infusions were taken for bacterial culture and enumeration of colonyforming units (CFU). Duplicate subsamples (1 mL) from each sample of infusion were separately mixed in 9 mL of 0.1% peptone (in sterile water, wt/vol) and serially diluted (tenfold) in 0.1% peptone. After dilution, 100µL of each of the 10 −2 to 10 −5 dilutions was separately spread onto the surface of duplicate plates that contained R2A medium (Difco; Spark, MD, USA) [35] for enumeration of the total heterotrophic bacterial population, and the plates were incubated at 28°C. The number of CFUs was counted on dilution plates that developed between 30 and 300 colonies per plate 4-5 days after spread plating, and the count data were converted to CFU per milliliter of infusion.
Total Bacterial Counts
The DNA-intercalating fluorescent dye 4′,6-diamidino-2-phenylindole (DAPI) was used to estimate the number of bacterial cells in the infusions [33] . Two subsamples (5 mL)
were taken from each infusion sample. Cells were fixed with 1% final concentration of formaldehyde solution (Sigma; St. Louis, MO, USA). After staining for 10 min in darkness, the cell suspensions were filtered through black polycarbonate filters (pore size, 0.2µm; 25-mm diameter; GE Water & Process Technologies, USA; Minnetonka, MN, USA), and the filters were mounted on glass slides with immersion oil [20, 33] . Total number of cells per milliliter in infusions was estimated from counts of DAPIstained cells within ocular grids at 1,000×.
DNA Extraction and Purification
Infusion (15 mL) was filtered through a polycarbonate membrane filter (0.22-µm pore size, 47-mm diameter, Millipore; Billerica, MA, USA), and the filter for each sample was cut into quarters and placed into a microcentrifuge tube (1.5 mL, USA Scientific, Orlando, FL, USA) after which 250 μL of TNE buffer (100 mM Tris; 0.2 M NaCl; 10 mM EDTA; pH7.4) was added. After vortexing, the tubes were stored at −80°C. Samples were thawed at room temperature and total nucleic acids were extracted and purified using methods described previously [40] . Crude DNA was purified with the WIZARD DNA Cleanup System (Promega, Madison, WI, USA). Purified DNA was subsequently used as a template to amplify the variable V3 region of 16S rDNA with universal bacterial primers 357F-GC (5′-GC-clamp + CCTACGGGAGGCAG CAG -3′) and 518R (5′-ATTACCGCGGCTGCTGG-3′). A 40-bp GC clamp was incorporated into the forward primer to prevent dissociation of the DNA double strand during DGGE analyses [27] . DNA extracted from infusion samples was amplified with a 1× GoTaq Green Master Mix (Promega, Madison, WI, USA), 0.2 μmol of each primer, and 1 μL (~5-15 ng) of template DNA, with sterile deionized water added to achieve a final volume of 50 μL. After initial denaturation of double-stranded DNA for 3 min at 94°C, the following PCR protocol was used: ten touchdown cycles [32] consisting of 1 min at 94°C, 1 min at 65°C, and 1 min at 72°C with a decrease in the annealing temperature of 1°C per cycle; 30 cycles consisting of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C; and extension for 10 min at 72°C. PCR products were electrophoresed in a 1.5% agarose gel followed by ethidium bromide staining. Amplicon size and yield were determined by comparison to molecular weight standards (Low DNA Mass Ladder; Gibco BRL, Carlsbad, CA, USA).
DGGE Analyses
PCR products derived from infusion samples were resolved separately for each of the three trials by DGGE [27] , using a Dcode™ Universal Mutation Detection System (Bio-Rad, Hercules, CA, USA). The DNA fragments were separated on a polyacrylamide gel with 8% (wt/vol) acrylamide (acrylamide/bis-acrylamide, 37.5:1.0, wt/wt), containing a linear gradient of denaturant that ranged from 40% to 65% (with 100% denaturant defined as 7 M urea plus 40% [vol/vol] formamide). PCR products from time course samples were stored at −80°C and analyzed concurrently for each trial. Approximately 500 ng of the PCR product from each sample was loaded in a separate well of a DGGE gel, which was run for 18 h at 50 V and 60°C. After completion of electrophoresis, gels were stained in 0.5× TAE buffer containing SYBR green I (Sigma) and digitally photographed. PCR-DGGE analyses were replicated for infusion samples, and identical DGGE band profiles were obtained (data not shown). Banding patterns of each gel were analyzed to assess bacterial species diversity and relative abundance in the infusion samples as described below. Each band was considered an operational taxonomic unit (OTU). A potential bias of the methodology should be noted. PCR amplification has been reported to lower apparent bacterial richness by causing a shift in evenness toward a few dominant phylotypes [30] , which would reduce the relative abundance of other less common members of the community to below the detection limit of DGGE. Consequently, in our analyses, DGGE likely failed to detect some comparatively rare bacterial species in BL and WOL infusions.
Partial 16S rDNA Sequences from Excised Gel Bands
Representative bands were excised from DGGE gels with a sterile scalpel blade under UV illumination, placed in 50µL of sterile water, and incubated overnight at 4°C to allow the DNA in the band to diffuse out of the gel piece. A 1-μL aliquot of eluted DNA was reamplified by PCR using the original primers without the GC clamp. Briefly, each PCR mixture contained 1µL of eluted DNA from the DGGE band, 0. 
Analyses of DGGE Gel Images
Gel photographs were analyzed using 1D Analysis software (UVP, Upland, CA, USA) as described by Ponnusamy et al. [32] . Briefly, sample lanes were created manually, and fixed background noise with a radius of 5 pixels was subtracted using the rolling disk algorithm. Band detection was first performed automatically by the software, and then additional bands were assessed and corrected individually by eye. A density profile was created and each OTU was assigned a percentage of the total intensity for each sample lane. Band positions in each lane were converted to R f values that ranged from 0 to 1, using standard positions on the gel that encompassed the uppermost and lowermost band in each lane.
Phylogenetic Analyses
Partial 16S rRNA gene sequences were aligned using CLUSTAL W [50] . The methods of Jukes and Cantor [18] were used to calculate evolutionary distances between the OTUs, and phylogenetic trees were constructed using the neighbor-joining routine of MEGA version 4 (http://www. megasoftware.net; [49] ). A stabile tree topology was achieved by a bootstrapping algorithm after 1,000 iterations.
Origin and Maintenance of Mosquito Colonies
A. aegypti and A. albopictus colonies were established from field-collected eggs from New Orleans, LA, USA, in 2003. At least once during each subsequent mosquito season, field-collected eggs from New Orleans were reared, and adults were added to the colonies of each species to maintain genetic diversity. Larvae of both mosquito species were reared and maintained as described by Trexler et al. [51] . Mosquito colonies were maintained in separate insectaries at~28°C,~75% RH, and a photoperiod of 14 h light/10 h dark, including dusk and dawn periods (60 min each). Mosquitoes were blood-fed on an arm of the same human host 4 to 5 days prior to set up of each experiment.
Behavioral Assay
The sticky screen olfactory bioassay was performed as described by Ponnusamy et al. [31] , except that bioassay cups were painted flat black on the outside to obscure visual cues provided by the dark-colored plant infusions. Visual cues were further masked by a wire mesh screen coated with insect glue that was suspended just above the water in each cup. Briefly, bioassays were conducted in Plexiglas® cages (30×30×30 cm) fitted with stockinet cloth sleeves. In each cage, two 125-mL polypropylene cups, filled with 30 mL of either test or control solution, were placed randomly in diagonal corners of the bioassay cage. Trexler et al. [51] evaluated the oviposition response of gravid A. albopictus to 1× 7-day-old WOL infusion that was diluted by 0% to 90% in 10% increments. Maximal responses were reported for infusion diluted by 40% to 60%. Consequently, before behavioral assays were carried out, infusions were diluted by 50% with well water. Each bioassay included six replicate cages, and three separate bioassay trials were completed on different dates for each leaf mass.
Mosquito Response to Native and Sterile Infusions
To verify that attraction of gravid mosquitoes to plant infusions stemmed from microbial metabolites, we tested WOL (0.5×) infusion that was produced using sterile leaves and well water against native infusion (non-sterile leaves and well water) in sticky screen bioassays as described above. To make sterile (microbe-free) infusion, leaves and well water were separately autoclaved for 45 min at 120°C. After cooling, the sterile materials were combined in a sterile glass jar (2 L) fitted with a threaded plastic lid. Similarly, native infusion was produced in sterile jars but with leaves and water that were not sterilized. Jars were held for 14 days at 28°C before infusions were tested in behavioral assays.
Mosquito Response to Cultured Bacteria
Attraction of gravid A. aegypti to bacteria cultured from 7-day-old BL infusion was evaluated in sticky screen bioassays. Fourteen bacterial isolates cultured from attractive infusion in R2A media were purified and identified to species as described by Ponnusamy et al. [31] . Bacterial cells (10 4 cells per milliliter) of each of the 14 isolates were mixed and then 100µL of this suspension was inoculated into 100 mL of R2A medium. Bacteria were grown at 28°C with constant shaking, after which bacterial cells from these cultures were used in dose-response sticky screen bioassays [31] . A hemocytometer was used to estimate bacterial cell densities in R2A cultures, which were serially diluted (tenfold) with sterile water to achieve a final cell density of 10 6 to 10 9 cells per milliliter in the 30-mL volumes contained in test bioassay cups. Similarly, R2A media was added to control cups after dilution with sterile water.
Data Analyses
Statistical analyses of infusion parameters were performed using SAS® software (version 9.1, SAS Institute; Cary, NC, USA).
Diversity of OTUs
Band frequency and intensity data were used to calculate Shannon-Weaver diversity (H′) and evenness (E) indices as previously described [32, 45] . H′ was calculated using the following equation:
where P i , the proportion of the total diversity represented by the i th species (= OTU), was calculated as
where n i was the OTU intensity for the i th band and N was the summed intensities of all OTUs in a lane.
Evenness was calculated as E ¼ H 0 = log S, where S was the number of DGGE OTUs.
Principal Components Analysis
PCA was used to evaluate relationships among the infusionassociated variables. PCA (PROC PRINCOMP) was performed on the composite data set for all infusions defined according to plant species, infusion concentration, and fermentation time combinations. Variables in the analysis included the mean log 10 -transformed CFUs and DAPIstained cell counts, mean number of DGGE OTUs, H′, and E. The loading scores for the diversity variables for the first two principal components were plotted to visualize the relationship between the infusions in the context of plant species, infusion concentration, and fermentation time.
Effects of Infusion Concentration and Fermentation Time
Effects of infusion concentration (= conc) and fermentation time (= day) on bacterial growth (CFU and DAPI) and species diversity (number of DGGE OTUs, H′, E) in BL and WOL infusions were determined by fitting a general mixed linear model to observed responses with SAS® procedure PROC MIXED. Prior to statistical analyses, CFU and total bacterial cell counts were subjected to log 10 (x) transformations to achieve approximate normality. A visual examination of a scatter plot of predicted values against residuals [8] revealed that the residuals were evenly distributed about a mean of zero, indicating that assumptions about the residual distribution were held and that transformation was adequate to achieve homogeneity of variances and normality.
For WOL CFU and DAPI, the experimental design corresponded to a split-plot design with subsampling and conc as a main unit factor and day as a subunit factor and trial corresponding to the blocking factor. Subsamples were taken from replicated plates within each trial, leaf concentration, and day combination. For BL CFU and DAPI, the experimental design corresponded to a randomized complete block design with subsampling, with day as a treatment factor and trial corresponding to the blocking factor, and trial × day as a random effect. Subsamples corresponded to replicated plates for each day and trial combination. Separate analyses were carried out by plant species for each response variable. Random-effect covariance estimates were tested for significance (H o : s 2 effect ¼ 0) by Wald's asymptotically normal Z test (PROC MIXED, covtest option). Covariance parameters estimated to be zero by PROC MIXED were dropped from the final model or, in the case of trial, included in the model as a fixed effect.
For WOL infusion, conc, day, and day × conc were designated as fixed effects, whereas trial × conc and trial × day (conc) were included as random terms since four CFU or ten DAPI subsamples were available within each replication. For BL infusion, trial and day were considered fixed effects, while trial × day was included as a random term.
For diversity variables (H′, E, and number of bands) in WOL infusion, conc, day, and day × conc were designated as fixed factors, whereas trial and trial × conc were considered random effects that participated in the construction of the error term used in testing the significance of a given fixed effect. In BL infusion, week was considered a fixed-effect factor, while trial and trial × day (residual) were considered random effects. The statistical significance of changes in mean cell densities and diversity variables between the levels of infusion concentration (in WOL infusion) or fermentation time points (both plant species) were determined using t tests for pairwise comparison of least-squares means (LSM) at the P≤0.01 level of significance for control of type I error under the hypothesis of H o : LSM i =LSM j . Comparisons between specific infusion concentrations (e.g., 0.5× and 1× compared to 2× and 4× WOL infusion) over fermentation time were carried out with the CONTRAST statement in the SAS® PROC MIXED procedure.
Comparison of 16S rDNA Sequence Libraries
We compared DGGE OTU sequences from BL and WOL infusions using webLIBSHUFF software (http://libshuff. mib.uga.edu) [46] . This software allows comparisons to be made between two 16S rDNA libraries and determines if they are significantly different under the null hypothesis that the two libraries are sampled from the same community. With the CLUSTAL W multiple sequence alignment, a distance matrix was generated with DNADIST, using the Kimura two-parameter model in the software package BioEdit, v. 7.0.9.0 [11] . The distance matrix was then analyzed with webLIBSHUFF to determine if differences between the sets of BL and WOL infusion OTU sequences were statistically significant (P≤0.05).
Response of Gravid Mosquitoes
To determine if the response of gravid mosquitoes changed with infusion age and concentration, the proportions of the total number of mosquitoes in each cage that were trapped on the test and control screens were compared using a paired one-tailed t test (PROC TTEST). Prior to statistical analyses, the proportions were subjected to an arcsine √x transformation to achieve approximate normality. Separate analyses were carried out for each mosquito species and infusion.
To further characterize the response of gravid females of each species to the plant infusions, we compared mean oviposition responses to the corresponding scores for the first two principal components (derived from the PC analyses described above) by regression analysis of variance using a general linear model (PROC GLM) [28] . The arcsine √x-transformed proportions of females responding to the infusion were used as dependent variables, and the standardized first two principal component scores for each infusion (conc × day) were the values of explanatory variables in this analysis.
Nucleotide Sequence Accession Numbers
The partial sequences obtained in this study have been deposited in the GenBank database under accession numbers EU920675-EU920735 (Supplemental Tables 1 and 2 ).
Results
Abundance of Bacteria in Infusions
For the 1× BL infusions, viable (cultivable) bacterial colony counts (CFUs) were highest in 7-day-old infusions (3.9× 10 6 CFU/mL) and significantly declined over time to the lowest CFU in 28-day-old infusions (0.90×10 6 CFU/mL; Table 1 Table 3) .
For WOL infusions, leaf concentration exerted highly significant effects (F=24.14; df=3, 24; P<0.0001) on bacterial growth irrespective of fermentation time (Tables 2  and 3 ). Compared to the 0.5× and 1× infusions, CFUs and DAPI-stained cells in 2× and 4× infusions significantly increased (P<0.05) by approximately tenfold. There was a highly significant day × conc interaction (F=9.98; df=9, 24; P<0.0001) in the mixed-model analysis of variance (ANOVA) for viable bacterial cell count (Table 3) , indicating that rates of bacterial growth were significantly different between infusion concentrations over the time course of leaf fermentation. Counts of CFUs showed that bacterial growth curves in 0.5× and 1× infusions were curvilinear over the 28-day fermentation period (Fig. 1) , and the number of CFUs in the 0.5× infusion was significantly lower (P<0.0001) than in the more concentrated infusions. As infusion concentration increased, the functional form of the bacterial CFU growth curve assumed a progressively linear shape with a negative slope over time. The numbers of CFUs for the 1×, 2×, and 4× infusions were significantly (P<0.01) separated at the 7-day time point but converged over the 28-day fermentation period with the 0.5× infusions being significantly (P<0.05) different from the rest (Fig. 1) .
In general, cell densities determined by DAPI staining were 30-50-fold higher than for counts of viable cells at the same leaf biomass and fermentation time points. However, the shape and trajectories of changes in total bacterial cells, based on DAPI staining, were markedly different. Bacterial cell densities in all infusion concentrations appeared to be relatively constant over time (Fig. 1) . Nevertheless, at day7, cell densities were significantly different (P<0.0001) across all four leaf concentrations of WOL, while at days14 and 21, they separated in two significantly different groups (P< 0.0001), with the lowest two leaf concentrations in one group and the highest two leaf concentrations in the other. Effects of fermentation time were analyzed through a set of contrasts which resulted in a significant linear and quadratic effect (P<0.001) for each of the leaf concentrations and nonsignificant differences between the slopes for the lowest two leaf concentrations (P=0.9498), significant differences between the slopes of the highest two leaf concentrations (P<0.0001), but nonsignificant differences between the average linear slopes of the two lowest concentrations versus the two highest leaf concentrations (P=0.9498).
DGGE Analysis of Bacterial Community Structure in Infusions
The melting point profiles revealed by DGGE for DNA OTUs amplified from BL and WOL infusions indicated that temporal changes in the OTU structure of the bacterial community occurred over the 28-day leaf fermentation period ( Figs. 2 and 3 ). Appearance and disappearance of amplicons in DGGE gels and changes in band intensity showed that shifts in species structure of bacterial communities occurred over time. OTU diversity patterns for each infusion at each time point were reproducible in replicate analyses and OTU diversity profiles were highly similar (but not identical) in the three trials for each concentration (data not shown). In 1× BL infusions, the highest mean (± SD) number of OTUs was in the 7-day-old infusion (49.33±5.77) and the lowest was (Table 1) . Based on changes in OTU intensity, some bacterial species declined or increased in abundance between days7 and 28 ( Figs. 2 and 3 ). For example, the intense bands for OTUs BB2 and BB12 on day7 decreased in intensity over time (Fig. 2) . In contrast, OTUs BB24, BB29, and BB35 gradually increased in intensity, indicating that these bacterial species increased in abundance in the infusion. In WOL infusions, the highest mean number of OTUs occurred in the 0.5× infusion concentration (47.08±1.50) and the smallest mean number was observed in 4× infusions (36.92±0.88; Table 2 ). Some OTUs (WOB1, WOB6, WOB12, and WOB16) were common in infusions prepared with different leaf masses (Fig. 3) . In 0.5× infusions, OTUs WOB1, WOB9, WOB11, and WOB16 were prominent on day7 but decreased in intensity at the 28-day time point in the fermentation period. Other OTUs, such as WOB17, gradually increased and were the dominant OTU detected at 28 days.
Bacterial Diversity
Changes in bacterial species diversity were reflected in the DGGE OTU profiles for each infusion over time. For bamboo leaf infusions, the day variable was significant (P≤0.0288; Supplemental Table 3 ), indicating that diversity of bacterial species changed over the fermentation period. Mean diversity of OTUs declined significantly for all three metrics (number of OTUs, H′, E) over time (Table 1 ). In comparison, in WOL infusions, day and day × conc were Table 3 ), and there was no specific pattern of change in diversity over time for the four different infusion concentrations (Supplemental Table 4 ); however, there was a significant (P<0.05) difference in bacterial diversity for the number of OTUs and H′ at the low and high infusion concentrations (Table 2) .
Principal Components Analysis
The number of OTUs and H′ were highly correlated and both diversity indices were negatively correlated with CFU and DAPI (Supplemental Table 5 ). Principal components analysis (Fig. 4) resulted in the distribution of points in a plane formed by two principal axes, showing higher infusion concentration on the left side of PC 1 and lower concentration on the right side of PC 1. The first two principal components (PC 1 and PC 2) accounted for 53.1% and 29.6% of the variance, respectively, or 82.7% of the total variance. PC 1 was a measure of diversity with high positive loading scores for the number of OTUs and H′ and negative loading scores for bacterial abundance estimated by CFU and DAPI staining. PC 2 primarily reflected high OTU evenness in the structure of bacterial communities in infusions. PC 2 also contained moderately high positive loading scores for CFU and DAPI. Figure 4 Principal components analysis of CFU-and DAPI-stained bacteria, and the number of bacterial phylotypes H′ and E data for white oak and bamboo leaf infusion samples. Symbols correspond to specific 1× bamboo (B) and white oak leaf (unlabeled) infusions that vary by infusion concentration (0.5×, 1×, 2×, and 4×) and age (7, 14, 21, and 28 days Table 2 ).
Phylogenetic Affiliation of Sequenced Bacteria
A phylogenetic tree was constructed by the neighborjoining method to characterize the relationship between the 61 OTUs from BL and WOL infusions that were sequenced (Fig. 5) . Based on 16S rDNA amplicon sequences, the OTUs were classified as Proteobacteria (65.5%), Firmicutes (9.8%), Bacteroidetes (9.8%), and a group (14.7%) that could not be classified. The Proteobacteria were the dominant heterotropic bacteria of those detected and sequenced in infusions, comprising 19 different phylotypes with representatives from four subclasses (Alpha-, Beta-, Delta-, and Gammaproteobacteria). Nine sequences from BL infusions had relatively low similarity (<97%) to sequences previously deposited in GenBank databases and could not be associated with any known bacterial division. Notably, OTUs from WOL and BL infusions were generally segregated, indicating that the species structure of the bacterial communities were different (Fig. 5) . In addition to differences in the clustering patterns of OTUs in the phylogenetic tree, the DGGE sequence library for OTUs from BL infusions was significantly different (P=0.030) from the library derived for WOL infusion. Accordingly, we rejected the hypothesis that the two 16S libraries were sampled from the same community.
Responses of Gravid Mosquitoes to Native and Sterilized WOL Infusions
Native WOL infusion was culture positive for a diverse array of bacterial species. Failed attempts to culture bacteria from sterilized WOL infusion verified that it was bacteria free. Native WOL infusion was significantly more attractive to both A. aegypti (t=6.34; df=17; P<0.0001) and A. albopictus (t=6.39; df=17; P<0.0001) than was infusion made using leaves and water sterilized by autoclaving. A mean (± SD) of 71.9% (±10.8) of gravid A. aegypti and 77.8% (±14.04%) of gravid A. albopictus were trapped during 24-h assays in test cups containing native infusion, reflecting the high level of attraction of gravid mosquitoes to WOL infusion that contained microbes.
Effects of Bacterial Diversity on the Response of Gravid Mosquitoes to Plant Infusions
Regression ANOVA revealed that attraction of gravid A. aegypti was significantly associated with PC 1 (F=90.53; df=1, 17; P<0.0001) but not PC 2 (F=0.68; df=1, 17; P= 0.4222) and that 83.7% of the variation in response of gravid females could be explained by PC 1. Similarly, the response of gravid A. albopictus to plant infusions was significantly related to PC 1 (F=35.59; df=1, 17; P< 0.0001) but not to PC 2 (F=0.17; df=1, 17; P=0.6895); PC 1 explained 67.5% of the total variation in the response of gravid females to the plant infusions. As stated above, PC 1 reflected bacterial community diversity with high positive loading scores for the number of OTUs and H′.
Responses of Gravid Mosquitoes to Bamboo Leaf Infusions
Bioassays of A. aegypti and A. albopictus females with 1× BL infusions (33.6 g of senescent leaves in 4 L water) that were fermented for various periods showed that both mosquito species exhibited the strongest attraction to infusions that had been fermented for 7 days (Fig. 6) . Attraction of gravid A. aegypti was highly significant to 7-day-old (t=6.15; df=23; P<0.0001) and 14-day-old (t= 3.59; df=20; P=0.0018) infusions, but there were no significant differences between either 21-day-old (t= −1.72; df=21; P=0.1003) or 28-day-old (t=1.90; df=20; P=0.0716) infusions and well water (Fig. 6a) . A. albopictus females were significantly attracted to 1× concentration infusion at each 7-day interval in the 28-day time course of fermentation (t=8.36; df=23; P<0.0001; Fig. 6b ). In general, a higher percentage of A. albopictus than A. aegypti females was trapped on sticky screens above BL infusions. 
Responses of Gravid Mosquitoes to WOL Infusions
We examined the attraction of both mosquito species to four concentrations of WOL infusions, each fermented over a 28-day period and sampled at 7-day intervals. Across the entire 28-day fermentation period, both species were significantly attracted to infusions of low leaf biomass (0.5× infusion) at each of the weekly sampling intervals (Fig. 7) . In general, relatively fewer gravid A. aegypti were attracted to the more concentrated WOL infusions. For 1× infusions, A. aegypti females were significantly attracted only to 21-day-old infusions, infusions made using twice the leaf mass failed to attract females, and infusions made using 4× the leaf mass became significantly repellent after 14, 21, and 28 days of fermentation (Fig. 7a) . In contrast, A. albopictus was, in general, attracted to oak leaf infusions over a broader range of concentrations and leaf fermentation times. Nevertheless, similar to A. aegypti, attraction of gravid A. albopictus to WOL infusions declined-although at a lower rate-as more leaves were added to the infusion. The 4× infusion was neither attractive nor repellent to A. albopictus at any of the four time points in the 28-day fermentation period (Fig. 7b ).
Response to Odorants from a Mixture of Bacterial Isolates Gravid A. aegypti exhibited a differential response to a mix of bacterial species cultured from BL infusion, depending on the bacterial cell density to which females were exposed to (Fig. 8a) (Fig 8b) . Responses to other bacterial cell densities were not significantly higher (P> 0.05) than to the control media.
Discussion
Senescent plant leaves commonly accumulate in waterholding containers in residential landscapes. Tree leaves are known to contain bacterial populations composed of diverse species [55] , and these bacteria and other microbes catabolize and mineralize organic carbon in leaves and other detritus [47] , producing metabolites that attract and stimulate gravid mosquitoes to lay eggs [31] . Although the activity of organic infusions [2, 36, 42, 51] and bacteria [5, 12, 13, 36, 48, 52] in mediating oviposition responses of gravid mosquitoes has been previously investigated, our study is the first to characterize how changes in bacterial diversity, in response to fermentation time and leaf concentration, affect attraction of gravid Aedes (Stegomyia) mosquitoes to plant infusions. Results of our present study provide compelling evidence of the keystone role of microbes in guiding gravid mosquitoes to their container habitats. When presented with native and sterilized infusions, gravid A. aegypti and A. albopictus were significantly more attracted to infusions containing microbes. Similarly, the mosquito Culex tarsalis exhibited a greatly diminished egg-laying response to Bermuda grass infusion that had been filtered to remove microorganisms [17] . Aedes (Stegomyia) mosquitoes laid more eggs in infusions of Panicum maximum leaves than in tap water but equivalent numbers of eggs in containers holding 7-day-old sterilized P. maximum infusion versus tap water [42] . Bacterially derived semiochemicals have been postulated to provide gravid females with cues to the quality of food resources available in egg-laying sites [31, 42] . The dual roles of bacteria in semiochemical production and as a principal food resource for mosquito larvae [24] support this biological construct.
Observed significant increases in the abundance of bacteria in response to increases in WOL concentration, Figure 6 Effects of fermentation time on attraction of gravid Aedes mosquitoes to bamboo leaf infusion (1× infusion concentration). The percentages of mosquitoes trapped during a 24-h assay on sticky screens over the infusion and control (well water) cups were subjected to an arcsine √x transformation before they were compared using a paired t test. 1× concentration infusion is made by fermenting 33.6 g of senescent leaves in 4 L of well water determined by two enumeration techniques (colony counts and DAPI), suggested that infusions made with the lowest leaf mass were nutrient-limited. Nutrient composition and availability have been shown to affect the structural organization of bacterial communities in leaf biofilms [54] . We can only speculate why total cell counts in WOL infusions were not more responsive to increases in leaf biomass. Oak leaves contain tannins, which have been reported to be toxic to microorganisms [26, 43] . Consequently, in our experiments, it was likely that growth of bacteria was inhibited by high levels of tannins in 2× and 4× WOL infusions. Additionally, the more concentrated leaf infusions were darkly colored, which may have had a masking effect, preventing some stained bacteria from being visualized. Similar problems in visualizing stained bacteria in some sediment types has been previously encountered [44] . Phylogenetic analysis revealed that white oak and bamboo leaves were inhabited by bacteria representing the phyla Proteobacteria, Firmicutes, and Bacteroidetes (formerly known as the Cytophaga-Bacteroides-Flavobacteria group). Major bacterial taxa found in our study are typical of freshwater habitats that are often dominated by Proteobacteria [3, 20, 21] . Members of the Bacteroidetes group are found in nearly every habitat of the biosphere and are known to play an important role in the degradation of complex biopolymers in marine and freshwater environ- Figure 7 Effects of fermentation time and infusion concentration on attraction of gravid Aedes mosquitoes to white oak leaf infusion. The percentages of mosquitoes trapped during a 24-h assay on sticky screens over the infusion and control (well water) cups were subjected to an arcsine √x transformation before they were compared using a paired t test. Values are means±SD. 1× concentration infusion is made by fermenting 33.6 g of senescent leaves in 4 L of well water ments [21] . In our study, 9.8% of the phylotypes sequenced from BL and WOL infusions were classified in this phylum. Overall, 14.7% of the sequences were classified to the level of Eubacteria. These sequences clustered in a separate phylum level lineage, indicating that there are unique bacterial species present in BL infusions. Notably, the library of 16S rDNA sequences from DGGE amplicons from BL infusion was significantly different from the library generated for WOL infusion. Although 16S rDNA sequence libraries for both plant infusions were significantly different, there is some overlap in the bacterial species cultured from these plant infusions [31] . Notably, Bacillus thuringiensis, Enterobacter asburiae, Klebsiella granulomatis, Brevundimonas vesicularis, Rhizobium huautlense, and some Pseudomonas spp. have been cultured from both infusions [31] . In an earlier investigation, Aerobacter aerogenes was the principal bacterial species cultured from the hay infusion that elicited oviposition responses from Culex quinquefasciatus and A. aegypti [13] . In subsequent research, Millar and coworkers [25] isolated and identified the chemical structures of five bacterial metabolites from fermented Bermuda hay that attracted and stimulated gravid C. quinquefasciatus to lay eggs. The principal compound, 3-methylindole, was active in concentrations that spanned five orders of magnitude. A metabolite (7,11-dimethyloctadecane) of Pseudomonas aeruginosa grown on capric acid substrates was attractive to gravid A. aegypti [15] . Similarly, in another study, A. aegypti exhibited significant oviposition responses to P. aeruginosa [12] . Acinetobacter calcoaceticus, isolated from water holding late-instar A. aegypti, elicited significant oviposition responses from gravid female mosquitoes [5] . Behavioral bioassays showed that both olfaction and contact stimulation were involved. Sphingobacterium multivorum from soil-contaminated towels, Psychrobacter immobilis from larval rearing water, and an undetermined Bacillus species from WOL infusion elicited oviposition responses from gravid A. albopictus that were significantly higher than to water without the bacteria [52] . However, only volatiles collected from larval rearing water elicited significant electroantennogram responses in females, suggesting that a mixture of bacteria was responsible for production of attractive odorants. Alternatively, uncultured bacterial species in the infusions could also have been responsible for production of bioactive odorants. In our present investigation, population levels of bacteria estimated by culture-independent DAPI staining were 30-50-fold higher than estimates derived from culturing-based CFUs. Sequencing of phylotypes revealed that the majority of bacteria in BL and WOL infusions were uncultured. Although the bacterial communities in these infusions varied considerably in species composition, infusions made from both plant species produced odorants that were attractive to gravid mosquitoes. Therefore, the shared bacterial species in the two infusion types play key roles in attracting mosquitoes, or different bacterial species or assemblages of bacteria in the two infusions might be functionally equivalent in mediating mosquito behavior. Recently, we have evaluated single bacterial species isolates separately with gravid A. aegypti. Bacterial isolates varied in activity, with gravid mosquitoes exhibiting significant attraction to some isolates while other isolates were significantly repellent, suggesting that the net bioactivity of an infusion represents the interplay of its constituent microbes (Ponnusamy et al., unpublished data) .
Our ongoing investigation with experimental infusions extend our previous studies of species diversity of microbial communities in water-filled human-made and natural containers in suburban landscapes of the city of New Orleans, LA, USA [32] . Highly diverse DGGE OTU patterns were found that could not be related to the kinds of containers or their local spatial distribution. The high diversity of bacterial species in field containers was understandable because these containers were of different sizes and shapes and held varying amounts of water and detritus from a variety of plant species. These variables are known to affect the species composition of bacterial communities [4, 41, 55] . Our results indicate that detrital biomass would also be an important determinant of bacterial diversity in containers used as oviposition sites by mosquitoes. Figure 8 The percentages of gravid Aedes mosquitoes trapped during a 24-h assay on sticky screens over the 14 mix bacterial isolates and control (R2A medium) cups were subjected to an arcsine √x transformation before they were compared using a paired t test Plant infusions contain a mix of bacterial species, some of which release odorants that attract gravid Aedes (Stegomyia) females from a distance, while others stimulate gravid females to oviposit [31] ; yet other bacterial species produce potent oviposition repellents (Ponnusamy et al., unpublished data) . Results of our present investigation provide insight into the dynamics and molecular ecology of bacterial communities in plant infusions. The diversity of bacterial species and abundance of bacteria in infusions and correspondingly the blend of oviposition attractants, stimulants, and repellents changes with plant species and the amount of leaf and other organic biomass and fermentation time. Our findings are highly relevant to the operational use of plant infusions by public health agencies in traps used in surveillance and monitoring programs for these mosquito species. Deployment of traps baited with plant infusions containing high leaf biomass or infusions that have been aged excessively would not be optimally effective in attracting gravid females and, indeed, may repel females. Responses of mosquitoes to plant infusions that would be used in mosquito monitoring programs have been reported to vary significantly from batch to batch and with infusion age [16, 42] . Observed differences in mosquito response were thought to result from changes in bacterial activity in plant infusions. Our present investigation provides an experimental basis for these observations.
Our present research involves the isolation, culture, and bioassay of single as well as a mix of bacterial species from plant infusions that are highly attractive to Aedes (Stegomyia) mosquitoes. A sustained release formulation of these bacteria may provide a practical tool for enhancing the efficacy of oviposition traps used for monitoring and surveillance of A. aegypti and A. albopictus.
